In composite Higgs models, the generation of quark masses requires the standard model-like quarks to be partially or fully composite states which are accompanied by composite quark partners. The composite quark partners decay into a standard modellike quark and an electroweak gauge boson or Higgs boson, which can be searched for at the LHC. In this article, we study the phenomenological implications of composite quarks in the minimal composite Higgs model based on the coset SO(5)/SO(4). We focus on light quark partners which are embedded in the SO(4) singlet representation. In this case, a dominant decay mode of the partner quark is into a Higgs boson and a jet, for which no experimental bounds have been established so far. The presence of SO(4) singlet partners leads to an enhancement of the di-Higgs production cross section at the LHC. This will be an interesting experimental signature in the near future, but, unfortunately, there are no direct bounds available yet from the experimental analyses. However, we find that the currently available standard model-like Higgs searches can be used in order to obtain the first constraints on partially and fully composite quark models with light quark partners in the SO(4) singlet. We obtain a flavor-and composition parameter independent bound on the quark partner mass of M U h > 310 GeV for partially composite quark models and M U h > 212 GeV for fully composite quark models.
Introduction
The recent discovery of a Higgs-like boson at the LHC [1, 2] represents a remarkable success for the Standard Model (SM) of particle physics. However, within the SM the Higgs mass is subject to additive renormalization, implying that a large hierarchy between the electroweak scale and the Planck scale is technically unnatural [3] . One of few motivated models beyond the Standard Model (BSM) addressing this so-called fine-tuning problem is the framework of composite Higgs models [4, 5] with the Higgs as a pseudo-Nambu-Goldstone-boson associated with the spontaneous breakdown of an approximate global symmetry of a sector which becomes strongly coupled at a scale f . The global symmetry is explicitly broken by Yukawa couplings of the Higgs to the quarks and their composite partner states. Integrating out the quark partners yields an effective potential for the Higgs. The effective potential strongly depends on the embedding of the top quark partners into the global symmetry group as well as the top partner mass, while the lighter quark partners typically play a minor role. Concrete realizations of composite Higgs models [6, 7, 8, 9, 10] , electroweak precision constraints [11, 12] , and toppartner phenomenology [13, 14, 15, 16, 17] have already been studied, while only few articles focussed on bottom partners [12, 18] or partners of other light quarks [19] .
Although typically not majorly contributing to electroweak symmetry breaking, light quarks need to be accompanied by composite partners in order to generate (small but nonvanishing) masses of the SM-like light quarks. 1 The quark partner phenomenology depends on the embedding of the quarks and their partners into the global symmetry group of the composite sector, as well as their masses and couplings. In Ref. [19] , quark partners of the up and charm quarks were studied within the minimal composite Higgs model based on SO(5)/SO (4) . The right-handed quark partners were embedded in the 5 of SO (5), which comprises of a 4 and a singlet under the SO(4) which is unbroken by strong dynamics. While bounds for the partners in the 4 were obtained, the singlet partner remained unconstrained because of its suppressed couplings to electroweak gauge bosons. It was furthermore shown, that the presence of a light singlet state can substantially weaken the constraints on the partners in the fourplet, due to a combination of smaller production rates of fourplet states, and the opening of cascade decay processes of fourplet states via the singlet state.
In this article, we focus on constraints of quark partners in the SO(4) singlet in composite Higgs models based on the minimal coset SO(5)/SO (4) . In Sec. 2 we discuss the two basic phenomenologically viable setups for composite quarks in the SO(4) singlet, where the righthanded quark is either realized as an elementary quark which mixes with a composite partner (partial compositeness) or as a chiral state of the composite sector (full compositeness). We establish effective Lagrangians for both these models and use those in order to discuss their LHC phenomenology in In Sec. 3 . In particular we show that both setups can result in a substantial increase of di-Higgs production above the SM background if the quark partners are light. In the current absence of direct bounds on the di-Higgs production channel at the LHC, we use the ATLAS bounds on differential cross sections of the Higgs di-photon decay in order to obtain constraints on the partially and fully composite light quark models in Sec. 4 , where we present our results in terms of the effective models discussed in Sec. 2. We conclude in Sec. 5.
1 Often, the composite sector is assumed to be flavor-blind in order to avoid constraints from flavor changing neutral currents (c.f. e.g. Ref. [20] ). Such a choice would imply the light quark partners are degenerate with the top quark partners, up to Yukawa-suppressed corrections. However, as has been pointed out in [21] , partners are allowed to be non-degenerate within models of flavor alignment [22, 23, 24] . It was also shown that while electroweak precision tests put severe constraints on the degree of compositeness of the SM quark doublets [25, 20] , due to an approximate custodial parity [26] , the bounds can be much weaker for the SM quark singlets. In this article we therefore allow for non-degenerate quark partner masses and treat them as free parameters.
Models
As a generic setup, we consider the fermion sector of the minimal composite Higgs model [5] based on the coset structure SO(5)/SO(4). We follow the conventions and notation of Ref. [19] and use the setups presented there for an initial discussion. We start the discussion with the embedding of up-type partners. For concreteness, we embed the left-handed elementary quark doublet q L in an incomplete 5 of SO(5) [27, 19] as
For the up-type partners, the q L carries a U (1) X charge of 2/3. The U (1) X is included in order to generate the correct hyper charge of the quarks, which is obtained by gauging
The fermionic partners of the up-type quarks are also included in a 5 of SO(5) (with U (1) X charge 2/3) as
which can be decomposed as a fourplet, Q, with a mass scale M 4 and a singlet,Ũ , with a mass scale M 1 of the SO(4) which is unbroken by the strong dynamics. In this article, we are studying the singlet partner and therefore take the limit M 4 → ∞ in which the fourplet partners decouple, while the singlet partnerŨ remains as the only BSM particle. The interactions of theŨ depend on the embedding of the right-handed quarks. They can be either embedded as a chiral composite SO(5) singlet u R (in "fully composite" models) [28] or as an incomplete representation of SO(5) (in "partially composite" models) which is a singlet state in terms of the SO(4). For concreteness, we embed u R into the 5 of SO(5) as
Such an embedding is termed partial compositeness, because the mass eigenstate is a linear combination of the "elementary" quarks and the composite partnerŨ . In both -fully and partially composite -embeddings, the right-handed quarks have a U (1) X charge of 2/3. Downtype partners can be embedded analogously with a U (1)
The above embedding is not unique for composite Higgs models based on SO(5)/SO(4). Other embeddings of left-handed and partner quarks discussed in the literature include the symmetric 14 representation of SO(5) [9, 10, 29, 30] . 3 However, we will be focussing on the SO(4) singlet partnerŨ (or the equivalent partner for down-type quarks). Our results are to a large part independent of the SO(5) representation in which the quarks are embedded in, as long as it contains the SO(4) singlet. In the following, we derive an effective description for the SO(4) singlet, using partners in the 5 as a guideline and comment on how this can be applied to other representations of quark partners.
2 For down-type partners, the embeddings of the q L and ψ d read q
Refs. [27, 31] also discuss embeddings into the anti-symmetric 10 representation. However, the 10 decomposes into 6 ⊕ 4 in terms of SO(4) representations and does not contain an SO(4) singlet partner as is considered, here.
Partially composite quark models
We start with the partially composite model outlined in Ref. [19] . Using the Callan-ColemanWess-Zumino (CCWZ) formalism [32] , the fermion Lagrangian of the partially composite model is
with
where e µ and d i µ are the CCWZ connections (c.f. Appendix A of Ref. [19] for the explicit expressions), and
where F and G are functions of the Goldstone matrix
with appropriate SO(5) index contractions such that the action is SO(5) invariant. For u L , ψ and u R in the 5 these are simply
gs . In the limit M 4 → ∞ in which the SO(4) fourplet states Q decouple, one obtains
In the above, the functions F and G are F = − sin((h + v)/f ) and G = cos((h + v)/f ) for u L , ψ and u R in the 5. In order to obtain the final expression, we expanded the Lagrangian in = v/f which yields
From Eq. (8) we read off the effective fermion mass terms
Diagonalizing the mass matrix yields the mass squared eigenvalues
and the bi-unitary transformation which diagonalizes the mass matrix is the identity on the left-handed up-quarks and a rotation by ϕ on the right-handed up-quarks where
The couplings of the mass eigenstates to the Z bosons follow from rewriting
in the mass eigenbasis (u l , U h ). Note that the couplings arising from the U (1) X gauge couplings are universal, and a rotation into the mass eigenbasis of these terms does not induce any "mixed" interactions of the Z to u l and U h . Such an interaction can only arise from the SU (2) L component of the Z in the first term, but as the mixing in the left-handed sector is small (of order m 2 /M 1 ), the "mixing" couplings are negligible. The same holds for mixing couplings of the W gauge boson which follow from the analogous charged current interactions. The Higgs couplings to the quark mass eigenstates follow from
with (8, 18, 20) and explicit embeddings of the quark states into the 5 and 14 of SO(5).
The coupling λ eff does not contribute to the production or decay of the partner quarks, and we neglect it for the effective description of the model. Collecting all other terms, the effective partially composite quark model Lagrangian is given by
The Lagrangian (20) and the definition of the effective coupling (18) has been derived for up-type partners. The analogous calculation for down-type partners yields the same Lagrangian with the charge factors 2/3 being replaced by −1/3 as directly follows from the U (1) X charge assignments. For illustration we embedded q L , ψ and u R in the 5 of SO(5) in the above, but from the derivation it is apparent, that the effective Lagrangian holds more generally. As long as the quark partner multiplet contains one SO(4) singlet, and in the limit in which all other partner states are decoupled, the only dependence on the chosen representation enters through the functions F and G in Eq. (6) via the functions F and G in Eq. (8) into the effective coupling λ eff mix in Eq. (18) . As an illustration, Table 1 shows the corresponding functions and the effective coupling for an embedding of ψ and u R in the 5 and q L in the 14. The extension to other embeddings which contain an SO(4) singlet partner is straight forward.
We emphasize that for concrete realizations of partially composite quarks, the parameters λ eff mix and M U h are correlated. In particular, the mass of the quark partner is 
Fully composite quark models
We repeat the analysis presented in the last section for the fully composite quark model. The fermion Lagrangian in this case is [19, 13] 
and
where (for q L and ψ in the 5)
The expansion of G around = v/f yields the effective parameters
The mass terms read
Note that there is no symmetry argument differentiating between the m 2 and m 3 term, implying that they should be of the same order. The lighter eigenvalue of the mass matrix has to be identified with the SM quark mass. To obtain a small eigenvalue (for first or second family quarks or the bottom), we have to choose m 2 M 1 , implying that m 3 is also naturally small. Then, the mass eigenvalues are approximately given by
The mass matrix is diagonalized by a rotation
) while in the left-handed quark sector, the mixing angle is to leading order given by tan(ϕ) = m 3 /M U h . The situation is therefore opposite to the partially composite case: The right-handed mass eigenstates are gauge eigenstates while the left-handed gauge eigenstates mix.
Analogous to the partially composite setup, the couplings of the quark mass eigenstates follow from Eq. (16) when transforming into the mass eigenbasis (u l , U h ), which for fully composite quarks yields
where L Z,SM contains the SM interaction of the light quark with the Z boson, and
The third term in Eq. (29) is suppressed by O(m
) and hence does not lead to relevant corrections of the partial Z width. The "mixing" interaction in the last line of Eq. (29) is small (of order O(m q /M U h )), but it will play an important role in the determination of the branching ratios of U h decays.
Analogously, the couplings of the quarks to the W boson are described by
Finally, the "mixed" Higgs interactions follow from
with λ eff mix = λ 3 . To simplify the discussion, let us note that
Using this relation, the effective Lagrangian for SO(4) singlet partners of fully composite light quarks reads
The "mixed" interactions are suppressed by m q /M 1 and therefore do not play a role for the production of composite quark partners, which is thus dominated by QCD pair production. They are important for the branching fractions of the U h , however. The partial widths for the decays U h → Xj are given by 
U h decays in the presence of higher dimensional operators
The U h decay rates determined in Eq.(36) are proportional to |λ eff mix | 2 . As opposed to the partially composite setup discussed in Sec. 2.1, the mixing parameters in the fully composite setup are strongly suppressed, |λ eff mix | ∝ O(m q /v), in order to reproduce the quark masses. Therefore, higher dimensional operators in the strongly coupled sector which are induced by integrating out other strongly coupled resonances can play the dominant role for U h decays and strongly modify the branching ratios.
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In the absence of additional symmetries, the lightest colored vector resonance ρ can couple to U h and u R via
which, upon integrating out ρ, yields a four-fermion operator
implying a possible decay U h → uuu. 6 The resulting partial decay width for U h → uuu is
which exceeds the partial decay widths Eq.(36) for all light quark flavors. Therefore in typical fully composite light quark models, U h decays into three jets, making a Higgs final state search obsolete. The three-jet decay, as well as the d-term interactions in Eq. (22), violate a U (1) symmetry u R → e iφ u R which is present at the leading order composite Lagrangian. If we make a very special UV-dependent assumption that the strong dynamics preserves this symmetry, enforcing gŨ u = 0, then the Yukawa terms in L mix Eq.(24) are the only source of chiral symmetry breaking. In this case, in the limit y L → 0, the U (1) symmetry is restored and forbids the decay of U h into SM particles. As a result of it, any operator that induces U h decay must be suppressed by y L , on top of additional suppression factors for higher dimensional or loop-induced operators.
Under the special assumption that the strongly coupled sector does not break the U (1) symmetry, the leading operators are therefore those given in Eq. (34) , and the U h decays into W u, Zu, and hu with branching ratios of ∼ 50%, ∼ 25%, and ∼ 25% while for a generic strongly coupled sector, the main decay channel is U h → uuu. 3 Phenomenology of composite quarks with SO(4) singlet partners
The phenomenology of quark partners in partially and fully composite quark models, which is due to the different allowed parameter ranges of λ eff mix , as well as the differing branching ratios for partner states decaying into hj, W j and Zj final states. In the following, we discuss the production, decay, and different search channels for both setups.
Quark partners in partially composite models
Partners states of partially composite light quarks couple to gluons via the strong interaction, and to the Higgs and light quarks via the coupling λ eff mix . This mixing coupling can be sizable whilst still reproducing a small mass for the SM quark.
The main production channels involving the composite light quark partner states are shown in Fig. 1 . 7 We present the graphs involving an up-type partner. The graphs for other light quark partners are analogous. The QCD pair production channels shown in panel (a) are independent of quark flavor and of the value of the effective coupling λ eff mix . Their cross section only depends on the partners' mass M U h . The non-QCD pair production channels shown in panel (b) on the other hand depend on both, quark flavor (i.e. the parton distribution functions (PDFs) of the initial qq, qq, or the not shownuark pairs) as well as on the size of the respective λ eff mix . The same holds true for the single production channels shown in panel (c), where for a light quark partners, the upper diagram yields the dominant contribution. Finally, quark partners modify the di-Higgs production cross section via the t-channel process shown in Fig. 1 (d) . Again, this process depends on both, the partner quark species, as well as on λ eff mix . The only available decay channel for SO(4) singlet partners in partially composite models is a decay into a Higgs and a SM quark. For partners of the u, d, s, and c quark, this implies a Higgs and a jet per produced quark partner in the final state, 8 while for partners of the third family, the final state top or bottom can be tagged. The first two lines from the top correspond to the pair production cross section with λ eff mix = 1 for partners of the up (red) and down (orange), while the third line (black) denotes the QCD pair production cross section. The non-QCD pair production cross sections with λ eff mix = 1 for partners of the s, c and b quarks are PDF suppressed. Thus, the pair production cross section for these quark partners is to a good approximation given by the QCD pair production cross section.
A very promising signature for the discovery of SO(4) singlet partners is therefore two Higgses with two associated high p T jets or bottoms. Fig. 2 shows the cross section for this process as a function of the partner mass M U h . Here, we assume the presence of a partner of only one SM quark. The QCD production channel provides a λ eff mix -independent contribution to the cross-section, shown as the black line (the lowest of the three curves). The upper two lines indicate the QCD plus non-QCD cross-section, assuming a reference value of λ eff mix = 1 for the respective quark partner. For u (first line from the top, red) and d (second line from the top, orange) quark partners, the non-QCD contribution can be substantially increased, while for other quark partners, the non-QCD contribution is PDF suppressed. Bearing in mind that the non-QCD cross section scales like ∼ (λ 2 . Finally, the t-channel exchange of U h shown in Fig. 1 (d) contributes to di-Higgs production, in this case without associated high p T jets or b-jet. The cross section depends on the partner quark species and scales like ∼ (λ eff mix ) 4 . Fig. 4 shows the di-Higgs production cross sections associated to this channel for a reference value λ eff mix = 1.
From the above discussion it is apparent that the di-Higgs channel (with two, one or zero associated high p T jets or b-quarks) provides a golden search channel for SO(4) singlet partner quarks. However as of now, no direct constraints on the di-Higgs channel are published by ATLAS or CMS, such that in this article, we attempt to obtain constraints on the model from SM Higgs searches in Sec. 4.1. It is also important to notice that the currently available LHC studies for the single Higgs plus jets relevant for our analysis in the next section has been performed for the SM Higgs searches. In the near future, dedicated searches for boosted Higgs signals [36] in the currently accumulated LHC data set can significantly improve the bound we determine, here. 
Partners of fully composite quarks
As shown in Sec. 2.2, fully composite light quark models naturally require a small coupling λ eff mix of order ∼ m q /v. Therefore for quark partners, all non-QCD production processes shown in Fig. 1 are suppressed, and the QCD pair production processes Fig. 1 (a) are the only production channels relevant for LHC phenomenology. 9 Partners of fully composite quarks are therefore produced in pairs. The production cross section is independent of the quark species and insensitive to λ eff mix . In generic fully composite models, a SO(4) singlet partner quark dominantly decays into three jets, as outlined in Sec. 2.2.1. In this case, the CMS search for three-jet resonances [39] implies a bound of M U h ∼ > 650 GeV.
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This bound is avoided when assuming that the strongly coupled sector respects a U (1) symmetry u R → e iφ u R which is only broken via the Yukawa terms in Eq. (24) . In this special case, quark partners have dominant decay channels into a SM quarks and a W , Z, or Higgs boson with the branching ratios of these three channels being ∼ 50%, ∼ 25%, and ∼ 25%, as shown in Sec. Before focussing in the next section on final states containing at least one Higgs boson, let us summarize the current status of searches for the final states involving W or Z bosons, and their implications for the SO(4) singlet quark partners in fully composite quark models. Searches relevant for partners of the first two families include the ATLAS search for the W W jj final state [37] , a recast of the W W jj final state performed in Ref. [19] based on the CMS leptoquark search [38] , and the ATLAS inclusive search for two 3-jet resonances [39] . A naive comparison of these bounds with the QCD production cross section shown in Fig. 1 (times the respective branching ratios given above) indicates no bounds on quark partners of the first and second family quarks.
Searches relevant for bottom quark partners include the ATLAS search for two 3-jet resonances with at least one b-jet [39] , the ATLAS search for pair-produced b quark partners decaying into Zb [40] , and the CMS searches for pair-produced b partners in the lepton+jets final state [41] and in the dilepton+jets final state [42] . The strongest bounds on partners of fully composite b quarks are M U h > 645 GeV [40] and M U h > 700 GeV [41] .
Constraining composite light quark partners with Higgs searches
For models with only SO(4) singlet partners of light quarks, the interactions of the light quarks to the Higgs are SM-like. 11 Also, the composite quark partner U h does not yield sizable BSM contributions to the one-loop induced hγγ and hgg vertices. The dominant contribution arises from a triangle diagram with U h in the loop. The coupling λ eff mix of the Higgs to two U h 9 For partners of fully composite quarks, additional non-QCD production channels exist because the partners also have effective mixing couplings with electroweak gauge bosons and a light quark. The mixing couplings are however proportional to λ eff mix (c.f. Eq. (34)), such that these production channels are also suppressed as compared to QCD production. 10 In [39] the bound of M res > 650 GeV was obtained for pair produced gluinos which decay into three jets in an R-parity violating SUSY scenario, but given the analogous production channels for the fully composite model, a similar bound is to be expected, if the three-jet decay channel dominates.
11 For a more detailed discussion of Higgs couplings for the composite Higgs models, see the recent studies [31, 43, 44, 45, 46, 30] .
quarks is Yukawa-suppressed, such that this contribution is negligible for light quark partners. "Mixed" triangle-diagrams with a U h and a u l or d in the loop do not exist. As apparent from the Lagrangians Eq. (20) (for partially composite quarks) and Eq. (35) (for fully composite quarks), "mixing" gluon or photon interactions with one light and one heavy quark are absent. For the same reasons, one-loop induced BSM corrects to the hW W and hZZ vertices are small as well.
12 Therefore, the couplings of all SM states to the Higgs are insensitive to the presence of SO(4) singlet partners of light quarks. The production channels of the Higgs via gluon fusion and vector boson fusion are SM-like, and that all decay rates of the Higgs are SM-like as long as the quark partner U h is heavier than the Higgs. Hence for composite light quark partner models, Higgs events of at the LHC can be separated into a SM background and a BSM production of Higgses via the production and decay of heavy quark partners or t-channel exchange of heavy quark partners in the processes discussed in Sec. 3.
The events discussed in Sec. 3 increase the Higgs production cross section. Moreover, the topology and kinematical distributions of events with a Higgses which result from the decay of a U h quark differ from the SM Higgs events. In the SM processes, the Higgs boson is typically produced at threshold, implying low Higgs p T , while Higgses from U h decays are boosted when the U h is heavier than the Higgs. Furthermore, U h pair production and subsequent decay into hhjj leads to a higher number of jets -in particular with high p T -as compared to the SM processes for Higgs production. Thus, even in the current absence of dedicated searches for di-Higgs events or searches for BSM signals in the invariant mass distribution of the Higgs and the leading jet, measurements of the differential cross section of Higgs events can be used to constrain Higgs events which result from U h decays.
In Ref. [47] , the ATLAS collaboration presented results on differential cross sections of the Higgs in the h → γγ channel. In particular, Ref. [47] studies the p γγ T , N jets , and the highest p jet T distributions which are in good agreement with the SM predictions. We use the experimental results of Ref. [47] in order to derive constraints on the parameter space of partially and fully composite light quark models.
Simulation and data evaluation
To simulate the BSM contribution to the differential cross sections of the Higgs, we implemented the Lagrangians Eq. (20) (for partially composite quarks) and Eq. (35) (for fully composite quarks) using FeynRules 2.0 [48, 49] . For the SM part of the Lagrangian we used the SM implementation provided by [50] , interfaced with with the effective Higgs implementation by [51] which we adapted in order to reproduce the total width and the branching ratios of the Higgs for a mass m H = 125 GeV given in [52] . With the implementation of the models, we generated parton level Monte Carlo (MC) event samples for the BSM Higgs production channels discussed in Sec. 3 for proton-proton collision at a center-of-mass energy of 8 TeV, using MadGraph 5 [53] , interfaced with CTEQ6L1 PDFs [54] . After performing the parton showering and the hadronization with Pythia 6.4 [55] , the generator-level MC events have been processed with Delphes 3 [56] and the jet clustering procedure is performed via FastJET [57, 58] .
The MC generated data is selected according to the particle level fiducial definitions in Ref. [47] . The selection criteria are as follows: the two highest-E T , isolated final state photons, within |η| < 2.37 and with 105 GeV < m γγ < 160 GeV are selected. The isolation criterion is the sum of the p T of all stable particles excluding muons and neutrinos is required to be less than 14 GeV within ∆R = (∆η) 2 + (∆φ) 2 < 0.4 of the photon. After the pair is selected, a cut on E T /m γγ > 0. 35(0.25) for the two photons is applied. Jets are selected using the anti-k t jet clustering algorithm [59] with a distance parameter of R = 0.4. The resulting jets T distribution (center) resulting from a composite quark model. The distributions shown result from a partially composite down-quark model with a partner mass of M U h = 300 GeV and effective coupling of λ eff mix = 1 (red striped region). The difference between expected SM background as well as the measured yields (gray bins) are taken from Ref. [47] .
are required the have a transverse momentum p T > 30 GeV, and rapidity |y| < 4.4.
With the events which pass the selection criteria outlined above, we simulate the p γγ T and the N jets distribution as well as the p j 1 T distribution of the most energetic jet of the BSM events. 13 For p γγ T and p j 1 T , the distribution is determined in p T bins chosen according to the bins in Ref. [47] , while for N jets , we consider bins with events with N jets = 0, 1, 2 and ≥ 3. The event numbers obtained in each bin at the particle level are divided by bin-by-bin unfolding correction factors
provided in Ref. [47] in order to correct the particle level data to a reconstructed data set. For the following analysis, we assume unfolding correction factors for the experimental data and MC data of the SM and BSM to be equal. As an example, Fig. 5 shows the p γγ T , the N jets and the p j 1 T distribution resulting from a partially composite down-quark partner model with mass M U h = 300 GeV and effective coupling of λ eff mix = 1.
As to be expected, the highest excess over signal occurs in the p γγ T overflow bin. However, Ref. [47] used the overflow bin as a control bin and does not provide a unfolding correction factor 13 The other observables studied in Ref. [47] are rapidity |y γγ | of the Higgs boson, the helicity angle | cos θ * | in the Collins-Soper frame, the jet veto fractions σ Njets=i /σ Njets≥i for jet multiplicities i, the azimuthal angle between the leading and the subleading jet ∆φ jj and the transverse component of the vector sum of the momenta of the Higgs boson and dijet system p γγjj T . We simulated the corresponding distributions for our BSM channels and found that the effect of composite light quark partners on them is less relevant.
for it, such that we conservatively ignore the p γγ T overflow bin in our parameter space constraints presented in the remainder of this section. For reference, we also show the constraints resulting from including the p γγ T overflow bin in Appendix A. Ignoring overflow bins, the dominant excesses arise from the highest p γγ T bin and the N jets ≥ 3 bin. The highest p j 1 T bin also shows an excess, but it plays less of a role in the determination of constraints on the composite Higgs models, because the error on this bin is large.
14 To obtain a bound on the mass and the coupling of the composite quark models, we perform a simplistic χ 2 test on the p γγ T , p j 1
T , and N jets bins
whereN i is the number BSM events obtained from the MC plus the number of SM events from Ref. [47] in the respective bin, and N i and σ i are the respective measured values and errors. T bins, N jets bins, and the combined bound. For reference, the dashed line in each of the plots shows the coupling above which the width of the quark partner exceeds 1/3 of its mass, so that the narrow-width-approximation is not applicable anymore.
Results for partners of partially composite light quarks
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The dependence of the bound on λ eff mix which is reflected in all three observables can be understood from the quark partner production cross sections shown in Figs. 2 and 3 . For small λ eff mix , QCD pair production dominates for partners of all quark flavors. For non-suppressed λ eff mix , non-QCD single and pair production plays a role mainly for up-and down-quark partners for which the initial qq,andare not substantially reduced by the PDFs. Parallel to the increased production of quark partners, the di-Higgs production due to t-channel exchange of a u or d quark partner is increased for the same reason (c.f. Fig. 4 ). Comparing the different observables, the strongest bound in our analysis arises from the N jets ≥ 3 bin. The reason is that distribution of p γγ T (and also for p T overflow bin we refer the interested reader to Appendix A.
As we have discussed before, the flavor-independent bound arises from small λ eff mix region, in which QCD production dominates. Considering the all bins combined exclusion limit, the quarks partners are excluded up to
The results in Fig. 6 are shown in terms of the effective mixing parameter λ eff mix and the physical mass M U h and apply to any model described by the effective Lagrangian Eq. (20) . For concrete realizations of partially composite quark models, like the embedding of partners in the 5 or 14 of an SO(5) multiplet, the parameters λ eff mix and M U h are correlated, as discussed in 14 The above statements apply to first and second generation quark partners as well as to bottom quark partners as no bottom tagging is used on the final state jets. Using bottom tagging could strengthen the bottom partner bound considerably as the highest p T jet in these events is typically a bottom resulting from a partner state decay. T bins (lower left plot) and their combination (lower right plot). The parameter region to the top-left region from the respective curve is excluded at 95% CL. For reference, the black dashed line in each of the plots shows the coupling above which the narrow-width-approximation does not apply anymore.
Sec. 2.1. Obtaining a quark partner mass substantially below the composition scale f implies an tight upper bound on |λ eff mix | at this mass. For example, for a mass of M U h = 310 GeV and a compositeness scale f = 750 GeV, using the expressions for the effective coupling in Table 1 together with the expression for M U h in Eq. (14) yields |λ eff mix | 0.07 for a partner embedding into the 5 and |λ eff mix | 0.18 for a partner embedding into the 14. For both these embeddings, the current bounds from Fig. 6 are thus dominated by QCD pair production and given by the flavor-independent bound.
Results for fully composite light quarks
As compared to partially composite quark models, the exclusion limit on fully composite models is weaker. The main reason is that for decays of partners of fully composite quarks, the branching fraction into a Higgs and a jet is only ∼ 25%. Furthermore, partners of fully composite quarks are only produced via QCD pair production. Quantitatively we find no significant signal excess over background in any of the p 
Summary and Conclusions
In this article, we discussed the phenomenology of SO(4) singlet partners of the u, d, s, c, and b quark in minimal composite Higgs model. In Sec. 2, we derived the effective Lagrangian for light quark partners in a setup with partially composite right-handed quarks (c.f. Eq. (20)) and a setup with fully composite right-handed quarks (c.f. Eq. (35)). 16 Based on the effective description, we discussed the dominating quark partner production channels and the single-and pair production cross section for the LHC at 8 and 14 TeV in Sec. 3 (c.f. Figs. 2 and 3 ). Both models predict an excess in di-Higgs production which represents a very promising discovery channel. In addition, partners of fully composite quarks also yield an excess in channels with two hard jets (or b-jets) and two weak gauge bosons. The implications of existing ATLAS and CMS searches for the non-di-Higgs final states are discussed in Sec. 3.2. By these searches, only the mass of a fully composite bottom partner is constraint to M U h > 700 GeV [41] .
In order to obtain the current LHC bounds on the other partners of fully composite as well as partially composite quarks, we used the ATLAS measurements of differential cross sections of the Higgs boson in the h → γγ channel [47] . Amongst the distributions provided in Ref. [47] , our simulation shows the largest deviations of signal as compared to data in the p γγ T , the N jets and the highest jet p T distribution. Our main results for partially composite quark models are displayed in Fig. 6 where we show the 95% CL bound resulting from the afore mentioned distributions individually, as well as the combined result. As a λ eff mix and flavor independent bound on the singlet partner mass we obtained M U h > 310 GeV. In models which allow for sizable λ eff mix , the mass bound is enhanced for up-and down-quark partners, while strange-, charm-, and bottom partners. 17 For partners of fully composite quarks, we found a constraint of M U h > 212 GeV at 95% CL which is independent of flavor and λ eff mix . In order to determine the bounds discussed above, we conservatively did not include the signal excess in the p γγ T and p j 1 T overflow bins on which partial information is provided in Ref. [47] . We refer the interested reader to Appendix A for the "projected" bounds which include the overflow bin data. Our study shows that one can improve the bounds presented here, once a dedicated high p γ γ T Higgs search is available. We also showed the need for dedicated experimental searches in the di-Higgs channel (with two, one or zero associated high p T jets or b-quarks) at the LHC, which will be the golden channel for exploring the relevant theory space for the SO(4) singlet partners of partially composite quarks. Apart from direct di-Higgs searches, searches for a large number of high p T b-jets in the final state are promising to lead to an indirect constraint. Finally, we also expect that dedicated searches for boosted Higgs signals in the currently accumulated LHC data set can significantly improve the bound we derived in this article.
impact of including high p γγ T and p j 1 T events in searches for Higgses from BSM events whichlike in our case -originate from decays of BSM particles.
The unfolding correction factor for overflow bins are not specified in Ref. [47] . The specified correction factors for the other p γγ T bins vary between 150% and 152%, while the correction factors for p j 1 T vary between 138% and 159%. For our analysis we assumed the unfolding correction factor for overflow bins to be identical the correction factor of the highest p T bin of the respective distribution (150% for p γγ T and 143% for p j 1 T ). Fig. 7 shows the 95% CL exclusion bounds on partners of partially composite light quarks in the λ eff mix vs. M U h parameter space, which result from the highest p γγ T bin, the highest p j 1 T bin, the N jets ≥ 3, and the combined bound. The flavor and λ eff mix independent bound arising from QCD pair produced quark partners is increased to M U h 385 GeV at 95% CL.
As can be seen, the strongest constraint arises from the p γγ T overflow bin, followed by the p T events.
For fully composite quark models we find, that the bound is enhanced due to the p γγ T overflow bin data while the p j 1
T overflow bin excess is too small to give an exclusion bound. Combining the constraints obtained from p γγ T and N jets excesses we find a bound of M U h 240 GeV at 95% CL.
